Plasmodium falciparum, was found to be expressed in erythrocytic stages (Robson et al., 1988) . However, P. falciparum TRAP and Plasmodium yoelii TRAP/SSP2 were later detected predominantly in the sporozoite stage of the parasite (Rogers et al., 1992a; Cowan et al., 1992) . More recently, TRAP was reported to be produced only by sporozoites collected from the mosquito salivary glands and not by sporozoites contained within oocysts .
The recent advent of a gene targeting technology in Plasmodium parasites (van Dijk et al., 1996; Wu et al., 1996; Crabb and Cowman, 1996) now allows for a genetic approach to study Plasmodium protein function. Disruption of the CS gene in the rodent parasite Plasmodium berghei has shown that CS is essential for sporozoite formation within oocysts in the mosquito midgut (Mé nard et al., 1997) . Here, we disrupted the TRAP gene in P. berghei to analyze the role of TRAP in the development of sporozoites and their interactions with host cells.
Results

Generation of Plasmodium berghei TRAP Mutant Lines INT1 and INT2
To investigate the role of TRAP in the life cycle of Plasmodium parasites, we disrupted by homologous recom- tides designed on the basis of the TRAP sequence of kb-NsiI internal fragment) used in genomic Southern hybridization is P. berghei strain ANKA (Robson et al., 1997) favor integration of pINT in the TRAP genomic locus, the plasmid was linearized with the restriction enzyme SpeI that cuts once in the TRAP target sequence ( Figure  1b ). Rats were injected with electroporated merozoites, from a spontaneous mutation in the DHFR-TS endogand pyrimethamine-resistant red blood cell stages of the enous gene or from a gene replacement of this gene by parasite were selected. At day 10 postelectroporation, the mutated copy borne by pINT. The disruptant clones resistant parasites were cloned by limiting dilution into had integrated a single copy of the entire pINT into the ten rats, and at day 20 postelectroporation the genomic TRAP genomic locus, via a recombination process that DNA of the parasite clones was analyzed by Southern had repaired the SpeI site used to promote integration. hybridization using a TRAP probe (Figure 1c) . One clone These clones thus contained two truncated copies of having a wild-type TRAP, named Tϩ, and two TRAP the TRAP gene, the first lacking the last 66 codons of disruptant clones obtained from independent electrothe gene and downstream untranslated region and the poration experiments, named INT1 and INT2, were sesecond lacking the 5Ј promoter sequences and the first lected for further analysis. The Tϩ clone, which contained a single copy of the DHFR-TS gene, arose either 22 codons of the gene (Figure 1b) . Throughout this paper, midgut sporozoites refer to the sporozoites inside midgut oocysts or free but still midthis, we analyzed the outcome of rat infections initiated by a mixture of identical numbers of Tϩ and INT1 erythgut-associated; hemolymph sporozoites are those present in the hemocele; and salivary gland-associated sporocytic stages. Fifteen days after injection ‫51ف(‬ schizogonic cycles), we subjected the mixed parasite popurozoites consist of those adherent to or inside of the glands (see Experimental Procedures). At day 18 postlations to Southern blot hybridization. The signals corresponding to a wild-type and a disrupted TRAP were feeding, the number of midgut sporozoites was comparable in mosquitoes infected with Tϩ, INT1, or INT2 of similar intensities (data not shown), indicating that lack of TRAP does not affect merozoite invasion of, and populations (Table 1) . At the same day postfeeding, similar numbers of hemolymph sporozoites were counted parasite development in, erythrocytes.
The levels of mature gametocytes and the ability of in mosquitoes infected with either parasite population, indicating that INT sporozoites were normally released male gametocytes to exflagellate in vitro were also similar in the wild type and in clones Tϩ, INT1, and INT2 (data from oocysts into the hemocele (Table 1 ). In contrast, at day 18 postfeeding, the number of salivary glandnot shown). To study their sporogonic cycle, Anopheles stephensi mosquitoes were fed on rats bearing high associated sporozoites per infected mosquito was on average ‫06ف‬ times smaller in INT than TRAP(ϩ) populalevels of gametocytes that exflagellated in vitro. P. berghei oocysts develop asynchronously in the mosquito tions (Table 1) . Likewise, the percentage of infected salivary glands in mosquitoes harboring INT populations midgut, and starting at day 10-12 postfeeding, sporozoites are released from oocysts into the hemolymph that was 2.2 and 2.7 times lower at days 14 and 18 postfeeding, respectively. We next measured the proportion of circulates in the body cavity (hemocele) of the mosquito. To examine oocyst development, midguts of mosquisalivary gland-associated sporozoites that had actually invaded the glands. In two separate experiments for toes were observed by light microscopy at days 14 and 18 postfeeding ( Table 1 ). The number of oocysts per each of the wild-type and INT populations, salivary glands of mosquitoes at day 18 postfeeding were disinfected mosquito and the percentage of infected midguts were within the range of variability observed in sected, treated with trypsin to remove surface-associated sporozoites, washed, and then ruptured in a individual populations. Oocysts in mosquito midguts collected at day 14 postfeeding were also examined ground-fitting homogenizer to free internalized sporozoites. In mosquitoes infected with the wild-type populaby transmission electron microscopy. The sporozoite budding process from the sporoblastoid body of the tion, the proportion of total salivary gland-associated sporozoites released from within the glands was 77%, oocyst ( Figures 2A and 2C ) was typical of Plasmodium parasites ( Figure 2B ; Vanderberg et al., 1967) . The ultraconfirming the intracellular location of most of the wildtype sporozoites. In contrast, only 13% of the salivary structure of sporozoites inside oocysts ( Figures 2C-2E ) and of free sporozoites released in the hemocele (Fig- gland-associated sporozoites were released from within the glands in mosquitoes infected with the INT populaures 2F and 2G) was undistinguishable from that of the wild type. In particular, ultrastructurally normal subpellitions. This indicates that the TRAP disruptants poorly invade, if at all, the salivary glands of mosquitoes. cular microtubules and electron-dense rhoptries and 
TRAP Is Critical for Sporozoite Infection
parasites induced by INT1 or INT2 sporozoites contained only wild-type TRAP, with no trace of disrupted of the Mammalian Liver Plasmodium sporozoites do not need to enter the mos-TRAP (Figure 3a ). This raised the possibility that a number of INT parasites had excised plasmid pINT by intraloquito salivary glands to become infective to the mammalian host (Ball and Chao, 1961) . Nonetheless, salivary cus recombination via the TRAP duplicated sequence, and that the revertants to a wild-type TRAP had infected gland-associated sporozoites are at least 1000-fold more infective than midgut sporozoites (Vanderberg, the rats. To test this hypothesis and to search for revertants 1975; shown also in Table 2 ). To assess the role of TRAP in sporozoite infectivity to the mammalian host, midgut, among INT parasites, we designed three oligonucleotides, named O1, O2, and O3 (see Figure 1b) , to discrimiand salivary gland-associated sporozoites were isolated from mosquitoes at day 18 postfeeding and innate between a wild-type and a disruptant TRAP locus in PCR reactions. As shown in Figure 3b , both wild-type jected into young rats, which are highly susceptible to infection by P. berghei sporozoites (Table 2) . Although and disruptant TRAP were amplified from erythrocytic stages of INT1 and INT2 clones prior to mosquito feedboth INT1 and INT2 sporozoites induced rat blood infection, the prepatent periods were prolonged compared ing. The wild-type TRAP-containing parasites were not contaminants of the cloning procedure but originated with Tϩ and wild-type sporozoite-induced infections. Based on the numbers of wild-type sporozoites that from disruptant parasites for the following reasons. On the basis of the Southern analysis of INT1 and INT2 infect rats with similar prepatent periods, we estimate that midgut and salivary gland-associated INT sporozopopulations performed immediately prior to mosquito feeding (Figure 1c ), the proportion of wild-type parasites ites were at least 100-fold less infective than the corresponding wild-type sporozoites. Surprisingly, Southern in INT populations must be very small (Ͻ10%). As stated above, wild-type and disruptant parasites replicate with hybridization experiments showed that the blood stage 5,000,000 0/2 -20,000 0/3 -100,000 1/2 6 REP2 5,000,000 0/2 -20,000 0/3 -100,000 1/1 6 a As defined in Table 1 . b Number of infected animals/number of animals injected with the sporozoite suspension. c Number of days between sporozoite injection and detection of at least one erythrocytic stage upon a 10-min examination of a Giemsastained blood smear. The value is the mean prepatent period of successful infections.
-, parasitemia undetectable up to day 10 after sporozoite injection.
equal efficiency in rat red blood cells. Therefore, if these copy, an event that does not generate sequence duplication at the recombinant locus and therefore precludes wild-type parasites are contaminants, then numerous parasites (at least 10) were injected simultaneously into reversion through homologous recombination ( Figure  4b ). To favor the allelic exchange, plasmid pREP was animals during "cloning." However, we only characterized clones derived from experiments in which not more digested with BamHI, which liberates the TRAP mutation as a linear molecule. Two clones originating from indethan four out of ten injected animals became infected, ruling out the possibility of injection of multiple parasites pendent electroporation experiments and having undergone the expected gene replacement (Figure 4c ), named in a single animal. In addition, wild-type TRAP parasites were detected by PCR in all four independently gener-REP1 and REP2, were selected for further analysis. The developmental cycle of REP populations in A. ated INT clones tested, but were never found in TRAP mutant lines that could not revert to the wild-type TRAP stephensi mosquitoes was in perfect agreement with that of INT populations (Table 1 ). The ultrastructure of through homologous recombination (see below).
After mosquito feeding, wild-type TRAP was also am-REP sporozoites inside oocysts and of released sporozoites, examined by transmission electron microscopy plified from INT midgut sporozoites (Figure 3b ), although not from INT salivary gland-associated sporozoites of mosquito midguts collected at day 14 postfeeding, was undistinguishable from that of the wild type (data (data not shown), probably because of their low number and the small proportion of revertants. In sharp contrast not shown). The number of salivary gland-associated sporozoites per infected mosquito was 34 times smaller with these results, only the wild-type TRAP was amplified from erythrocytic stages in rats infected by INT in REP than TRAP(ϩ) populations. Furthermore, rat blood infection was never obtained after injection of midgut or salivary gland-associated sporozoites. Since lack of TRAP does not affect parasite replication in midgut REP sporozoites or 20,000 salivary glandassociated sporozoites (Table 2) . However, injection of erythrocytes, the absence of TRAP-disruptant erythrocytic stages in animals infected with INT sporozoites 100,000 REP salivary gland-associated sporozoites, collected from ‫071ف‬ infected mosquitoes, induced a indicates that TRAP is required for sporozoite infection of the liver of the host.
blood infection in two out of three rats ( Table 2) . As expected by the replacement strategy, Southern hybridTo provide further evidence for the role of TRAP in sporozoite infectivity to the host, we generated TRAP ization indicated that the blood stage parasites induced by REP sporozoites still contained the REP mutation mutants that cannot revert to a wild-type TRAP by homologous recombination. For this, P. berghei blood (data not shown). Based on the prepatent periods and the minimal infective dose, these REP sporozoites were stages were transformed with the replacement plasmid pREP obtained by inserting a DHFR-TS cassette into approximately 10,000 times less infective than the corresponding wild-type sporozoites. Finally, an additional the TRAP coding region (Figure 4a ). A double crossover between the homologous TRAP sequences in the life cycle of the REP parasites that had infected rats was analyzed. Their infectivity for both salivary glands construct and in the genome was expected to lead to the exchange of the endogenous gene by the transformed of mosquitoes and liver of rodents was similar to that Open boxes, TRAP coding region; stippled boxes, DHFR-TS caspared from erythrocytic stage parasites prior to mosquito feeding, sette consisting of the coding region of the pyrimethamine-resistant from midgut sporozoites in infected mosquitoes, and from erythromutant gene and 2.5 and 0.4 kb of its 5Ј and 3Ј untranslated regions, cytic stages induced by injection of INT sporozoites. PCR reactions respectively. Double line, pCRII vector sequences. Abbreviations: were performed using (A) either oligonucleotides O1 and O2, which B, BamHI; EV, EcoRV; H2, HincII; N, NsiI; S, SpeI. amplify a 1.6 kb-PCR product specifically from a wild-type TRAP (b) Wild-type (WT) TRAP genomic locus and REP locus generated locus, (B) or with O1 and O3, which amplify a 1.6 kb-PCR product by a double cross-over between the homologous TRAP sequences specifically from a disruptant (Dis) TRAP locus.
in the BamHI fragment of pREP and in the endogenous TRAP. The TRAP probe (1.6 kb-NsiI internal fragment) used in genomic Southern hybridization is symbolized by a bold line within the TRAP coding region.
of REP parasites of the previous cycle (data not shown), sponds to the size of the cassette.
TRAP Is Expressed in Midgut Sporozoites
The essential role of TRAP in invasion of the mosquito salivary glands implied that TRAP is expressed by midamino acid repeats of the protein (antiserum 2). In contrast, midgut and salivary gland INT sporozoites did not gut sporozoites. To verify this, wild-type sporozoites collected from midguts of infected mosquitoes at day 18 react with any of the TRAP antisera (Figure 5b ). The finding that antibodies against the central region of postfeeding were air dried, permeabilized, and stained using antibodies directed against a 20-residue synthetic TRAP recognized wild-type but not INT sporozoites confirmed that the first truncated TRAP copy in the INT peptide representing a portion of the C-terminal cytoplasmic domain of TRAP (antiserum 1, see Figure 5a ). locus did not give rise to a stable product.
On their way to the sporozoite plasma membrane, Virtually all wild-type midgut sporozoites displayed the characteristic pattern of polar and mottled fluorescence TRAP and CS transit through the micronemes (Fine et al., 1984; Rogers et al., 1992a) . To test whether the ab- (Figure 5b ), described for TRAP/SSP2 in P. falciparum and P. yoelii salivary gland sporozoites (Rogers et al., sence of TRAP interfered with the trafficking of CS, live wild-type and INT midgut and salivary gland-associated 1992a; Cowan et al., 1992) . The same staining pattern was obtained using a second antiserum directed against sporozoites collected from mosquitoes at day 18 postfeeding were stained using monoclonal antibodies the central region of TRAP encompassing the conserved (a) Schematic representation of P. berghei TRAP and regions of the protein used to generate anti-TRAP antisera. The 606-residuelong TRAP protein contains, from its N to C terminus, a hydrophobic leader sequence (HLS), a ‫-002ف‬residue-long A domain, a thrombospondin type 1-like domain (Region II), an asparagine/proline-rich repeat region followed by a region of degenerate amino acid repeats, a transmembrane domain (TMD), and a short acidic cytoplasmic domain with a highly conserved C terminus. 1, region of TRAP (amino acids 586-604) corresponding to the synthetic peptide used to raise antiserum 1; 2, region of TRAP (amino acids 263-428) corresponding to the recombinant peptide used to raise antiserum 2; and 3, N terminus of TRAP potentially expressed by the first truncated TRAP copy of the INT locus (up to residue 540). (b) Immunofluorescence assays of midgut sporozoites of the WT and INT1 populations collected at day 18 postfeeding. Upper panels, permeabilized sporozoites stained using polyclonal antiserum 1. Lower panels, live sporozoites stained using MAbs 3D11 directed against the repeats of the P. berghei CS. Similar results were obtained with INT1 and INT2 sporozoites.
(MAbs) directed against the amino acid repeats of CS.
as flexing or stretching (Figure 6a ). In contrast, midgut and salivary gland-associated sporozoites from INT or As shown in Figure 5b , TRAP(Ϫ) sporozoites displayed a circumsporozoite fluorescence similar to that of wild-REP populations did not glide; they were either nonmotile or exhibited the movements not associated with type parasites, indicating that TRAP is not necessary for exposure of CS on the surface of free sporozoites. locomotion (Figure 6b ). To ascertain that lack of TRAP was responsible for the inability of INT sporozoites to both express gliding TRAP Is Necessary for Sporozoite Gliding Motility In Vitro motility in vitro and invade the mosquito salivary glands, we analyzed the sporogonic cycle of the revertant paraIn view of the apparent correlation between infectivity of Plasmodium sporozoites to the mammalian host and sites found in the blood of rats injected with INT1 sporozoites. Anopheles stephensi mosquitoes were fed on their capacity to glide in vitro (Vanderberg, 1974 (Vanderberg, , 1975 , we examined the role of TRAP in sporozoite motility. these rats, and at day 18 postfeeding, the number of salivary gland-associated sporozoites, the proportion Midguts and salivary glands of infected mosquitoes at day 18 postfeeding were dissected, and sporozoites internalized in the glands, and the percentage of midgut and salivary gland-associated sporozoites expressing released from these tissues in a motility enhancer medium were allowed to settle on microscope slides and gliding motility were determined. Each of these parameters was restored to a wild-type level (data not shown), examined with phase contrast microscopy. A small proportion of midgut ‫)%01ف(‬ and the majority of salivary demonstrating that the TRAP mutation causes all defective phenotypes of INT sporozoites. gland-associated (up to 85%) sporozoites of the wild type exhibited gliding motility (Figure 6a ), usually gliding in a circle without any obvious flexing or undulation of the sporozoite body. As shown by the time-lapse Discussion micrographs presented in Figure 6b , a wild-type sporozoite circles twice as fast as the second hand of a clock.
Plasmodium sporozoites need to invade the secretory cells of the mosquito salivary glands and hepatocytes The wild-type sporozoites that did not glide were either nonmotile or displayed various patterns of motility that of the mammalian host to induce malaria infection. Carried by the hemolymph in the mosquito and the blood do not induce cell locomotion (Vanderberg, 1974 ), such (a) Motility of midgut and salivary gland-associated WT, INT, and REP sporozoites. Midgut and salivary gland-associated sporozoites were isolated at day 18 postfeeding and examined by phase contrast microscopy. Movement patterns were categorized as: (i) no motility; (ii) motility not associated with locomotion, consisting mostly of flexing or stretching (Vanderberg, 1974) ; and (iii) the characteristic gliding motility. The frequencies are the mean values obtained upon examination in two independent experiments of at least 200 sporozoites for up to 15 s each. (b) Time-lapse micrographs of a wild-type or a TRAP(Ϫ) sporozoite at 5-s intervals. The wild-type P. berghei sporozoite, whose gliding speed is ‫3-1ف‬ m/s (Vanderberg, 1974; King, 1988) , completes a circle in ‫03-02ف‬ s. TRAP(Ϫ) sporozoites did not glide, although bending and stretching of one or both sporozoite poles were frequently seen (see the first two micrographs). Magnification, ϫ800.
stream in the mammalian host, sporozoites bind to tarprovided an internal complementation, demonstrating that the defective phenotypes of these TRAP(Ϫ) sporoget organs by a receptor-mediated process (Sinnis, 1996) . Interaction between the dense sporozoite CS coat zoites was due to the TRAP mutation. The specific step(s) of the sporozoite infectious process that are imand the abundant HSPGs of the hepatocyte basolateral membrane probably accounts for the rapid sequestrapaired in the absence of TRAP, however, remain unknown. In mosquitoes, although relatively large numbers tion of the parasites in the liver (Cerami et al., 1992a (Cerami et al., , 1992b Pancake et al., 1992; Frevert et al., 1993 ; Sinnis of TRAP(Ϫ) sporozoites were present in the hemolymph, only a few of these sporozoites associated with the et , 1996 Shakibaei and Frevert, 1996) . In the mosquito, the high levels of CS expression in hemocele salivary glands. In addition, the majority of the TRAP(Ϫ) salivary gland-associated sporozoites remained extrasporozoites (Beier, 1993) and the inhibitory effect of antibodies to CS on sporozoite infection of the salivary cellular. Therefore, TRAP may be important for sporozoite binding to, or traversing the basal lamina of, salivary glands (Warburg et al., 1992) suggest that CS may also be involved in attachment to these glands. After binding glands or for invading the underlying secretory cell. In rodents, TRAP(Ϫ) midgut sporozoites were unable to to the target organ, the sporozoite must be motile to both reach and enter the target cell. In the mosquito, it induce blood infection, and TRAP(Ϫ) salivary glandassociated sporozoites were 10,000-fold less infective penetrates the basal lamina of the salivary gland and then enters the secretory cell. In the mammalian host, than the corresponding wild-type sporozoites. TRAP(Ϫ) erythrocytic stages, however, were not affected in their the sporozoite must traverse the cells lining the liver sinusoids and cross the space of Disse, a loose extracelability to invade or replicate in red blood cells, pointing to the role of TRAP in the preceding step, i.e., infection lular matrix separating endothelial cells from the underlying hepatocytes. Sporozoite entry into the target cell, of the liver. An in vivo role of TRAP in invasion of hepatocytes is supported by earlier data on the inhibitory effect a process completed within seconds, is also associated with active motility of the parasite. Sporozoite-host cell of antibodies to TRAP on sporozoite invasion of cultured hepatocytes (Rogers et al., 1992a; Muller et al., 1993) . interactions in vitro include sporozoite gliding on the surface of and penetration into the host cell without
In view of the necessity for the sporozoite to move actively to both reach and invade its target cells, and the breaking stride (Vanderberg et al., 1990) .
Previous reports have documented the relationship essential role of TRAP in gliding motility, it is also possible that TRAP acts at multiple steps of the sporozoite between Plasmodium sporozoite gliding motility and infectivity to the mammalian host (Vanderberg, 1974, infectious pathway in both of its hosts. Although little is known about the molecular basis of 1975; Stewart et al., 1986; Vanderberg et al., 1990) . The results presented here suggest that gliding motility and gliding motility and cell invasion in Plasmodium or other Apicomplexa, these two processes are thought to be infectivity for both the mosquito salivary glands and the liver of the mammalian host, which are all TRAPmechanistically related. Gliding motility and deposition of trails on the substrate during locomotion are comdependent, have a common molecular basis. Concordant phenotypes were obtained with independent mon features of Apicomplexa (Entzeroth et al., 1989; Arrowood et al., 1991; Dobrowolski and Sibley, 1996) . TRAP(Ϫ) clones generated by two different gene-targeting strategies. In addition, the reversion process
The ability of these parasites to cap anionic site surface markers and to translocate beads to their posterior pole (plasmid excision) in the TRAP locus of INT parasites by a submembranous microfilament system has led to its own extracellular domains, or may connect the contractile system to other substrate-binding molecules, the suggestion that gliding motility of Apicomplexa may such as CS. be mediated by a capping-like process (Russell and The hypothesis that TRAP is involved in a cappingSinden, 1981; Speer et al., 1985; King, 1988) . According like process during cell invasion is supported by immuto this hypothesis, parasite surface receptors would be nolocalization of TRAP during sporozoite internalization cross-linked upon binding to their ligand(s) and would in cultured cells. Upon contact with the host cell, TRAP be translocated to the posterior pole of the cell via an is localized at the apical pole of the parasite and at the actin-dependent process (Bourguignon and Bourguigjunction between the anterior end of the parasite and non, 1984). Binding of the parasite to a solid substrate the host cell (A. Crisanti and K. Robson, manuscript in would then lead to the forward locomotion of the parapreparation). This TRAP-containing junction then slides site and deposition of a trail containing the substrateover the parasite during entry to concentrate gradually receptor complexes. In Plasmodium, CS may provide at its posterior end during cell penetration. This confirms the substrate-binding sites necessary for gliding locothe involvement of TRAP in cell invasion and is in motion. CS is released at the apical, leading end of the agreement with a capping-like process driving sporozosporozoite by the rhoptry-microneme complex (Fine et ite entry into the host cell. As during gliding motility, al., 1984; Nagasawa et al., 1988) , adheres to the sporo-TRAP may bind directly to the cell surface receptor, zoite surface at its anterior end, and is progressively possibly via its A domain, or indirectly via other sporozotranslocated to the posterior pole by a cytochalasinite surface molecules. Furthermore, proteins homolosensitive process (Stewart and Vanderberg, 1991; Stew- gous to TRAP have been described in a number of art et al., 1986), before being shed at the trailing end of Apicomplexa, such as Eimeria (Tomley et al., 1991) , the moving sporozoite Vanderberg, 1988, Toxoplasma (Wan et al., 1997) , and Cryptosporidium 1992). (Robson et al., 1997) species. The TRAP homolog in It has also long been suggested that host cell invasion T. gondii, MIC2, displays by immunofluorescence an by Apicomplexa is dependent upon the actin-based anterior-to-posterior moving pattern during parasite incontractile system of the parasite (Ryning and Remingternalization similar to that of TRAP (V. Carruthers and ton, 1978; Russell and Sinden, 1981; Russell, 1983) . The D. Sibley, personal communication), suggesting that seminal work of Dobrowolski and Sibley (1996) has now TRAP-related molecules in other Apicomplexa may have demonstrated that internalization of Toxoplasma gondii, similar functions. and likely other Apicomplexa, into host cells relies only TRAP-like molecules, along with the parasite actin on the actin cytoskeleton of the parasite. The last step of network (Dobrowolski and Sibley, 1996) , may thus be the host cell invasion process by Apicomplexa, namely central components of motility and invasion machineries parasite translocation into an induced vacuole, is charof Apicomplexa. Further investigations of parasite actinacterized by the presence of a moving junction formed binding proteins and of parasite surface ligands binding by the close apposition of the outer membrane of the to the substrate during gliding motility or to the cell parasite and of the host cell (Aikawa et al., 1978; surface during invasion should broaden our understand-1983; Pimenta et al., 1994) . This junction, which initially ing of these events. These studies should also help in involves the anterior tip of the parasite, is progressively the development of malaria vaccines that aim at eliciting translocated to the posterior pole as the parasite antibodies against surface-exposed sporozoite ligands. squeezes into the host cell. Thus, parasite translocation Antibodies directed against crucial extracellular domains is best explained by a capping-like process of a hostof TRAP should inhibit steps of the infectious process parasite tight junction (Dubremetz et al., 1985; King, 1988) . subsequent to the region II plus-mediated attachment The structural features of TRAP suggest that TRAP of sporozoites to the liver cells and thus increase the may link the substrate to the parasite microfilament sysefficacy of existing CS-based vaccines (Sinnis and Nustem. TRAP is a typical single-pass transmembrane prosenzweig, 1996; Stoute et al., 1997; Nussenzweig and tein. The extracellular region contains two highly conZavala, 1997). served matrix-or cell-binding domains (Figure 5a ). The
Experimental Procedures
region II plus, which is homologous to the region II plus of CS and to a portion of the thrombospondin type 1
Cloning of the P. berghei Strain NK65 TRAP Gene domain, binds to sulfated glycoconjugates (Muller et and Plasmid Constructions al., 1993) . TRAP also contains a typical A module. The
The entire TRAP coding region of P. berghei strain NK65 was cloned proteins that incorporate type A modules, including the by PCR using erythrocytic stage genomic DNA and oligonucleotides ␣ chains of ␤1 and ␤2 integrins, interact with a large PbTRAP-FOR (sense, 5Ј-CCCGGATCCATGAAGCTCTTAGGAAA TAG-3Ј) and PbTRAP-REV (antisense, 5Ј-CCCGGATCCGTTCCAGT array of cell surface-or extracellular matrix-associated CATTATCTTC-3Ј) designed on the basis of the TRAP sequence of ligands, such as proteoglycans, intercellular adhesion P. berghei ANKA strain (Robson et al., 1997) . The 1.8-kb PCR prodmolecules (ICAMs), or collagens to participate in numeruct was cloned into plasmid pCRII (Invitrogen) to yield plasmid ous biological events such as cell adhesion, homing, pTRAP-1. A TRAP internal fragment was amplified from pTRAP-1 and migration (Colombatti et al., 1993; Lee et al., 1995) . parasite contractile system to the substrate directly, via with KpnI and HincII. Plasmid pREP was constructed by inserting isothiocyanate (FITC)-labeled secondary antibodies (goat anti-rabbit or goat anti-mouse) for 1 hr at 37ЊC in a humid chamber, washed the HincII-EcoRV fragment of PMD204 bearing the DHFR-TS mutant gene and 2.5 and 0.5 kb of its 5Ј and 3Ј untranslated regions, respecin PBS, and examined under a fluorescence microscope. tively, into pTRAP-1 cut with HincII.
Electron Microscopy
Mosquito midguts, collected at day 13 postfeeding, or free midgut Transformation Experiments and Clone Selection sporozoites, collected at day 17 postfeeding, were fixed with 1% Merozoites ( 10 9 ) of P. berghei strain NK65 were transformed by glutaraldehyde (Sigma, St. Louis, MO; grade I) and 4% paraformalelectroporation with 20 g of digested DNA and injected intravedehyde (Sigma) in PBS, osmicated, dehydrated, and embedded in nously into young rats. Recipient rats received a daily intraperitoneal Araldite (Ted Pella, Redding, CA). Thin sections were cut with a RMC injection of pyrimethamine (25 mg/kg of body weight) for 5 consecu-MT-7 ultramicrotome and examined with a Zeiss EM910 electron tive days, and resistant parasites were cloned by limiting dilution microscope. Negatives were scanned with a AGFA horizon Plus into ten rats. Cloning experiments were considered valid only when flatbed scanner. After processing of the images with Adobe Phofour or fewer of the injected animals became infected. The genomic toshop and QuarkXpress, final prints were prepared with a Fuji Pic-DNA of erythrocytic stages collected from animals containing more tography 3000 digital image printer. than 1% parasitized red blood cells was then prepared (day 20-25 postelectroporation) as previously described (Mé nard et al., 1997) . Acknowledgments Southern Blot and PCR Analysis of Parasite DNA A. S., V. T., U. F., V. N., R. N., and R. M. have participated in the Southern blot analysis of parasite DNA was performed as previously planning and execution of the experiments. K. R. and A. C. provided described (Mé nard et al., 1997 
Analysis of Parasite Development and Infectivity
Anopheles stephensi mosquitoes were fed on infected young rats References and dissected at days 14 or 18 postfeeding. Sporozoite populations were separated as described (Vanderberg, 1974 (Vanderberg, , 1975 (1991) . Immunofluotoes, and hemoceles were perfused with Medium 199 using a finely rescent microscopical visualization of trails left by gliding Crypdrawn pasteur pipet inserted into the membranous postspiracular tosporidium parvum sporozoites. J. Parasitol. 77, 315-317. area of the mesothorax. The first three drops of perfusate were Ball, G.H., and Chao, J. (1961) . Infectivity to canaries of sporozoites collected from each mosquito, and the perfusate from ‫03ف‬ mosquiof Plasmodium relictum developing in vitro. J. Parasitol. 47, 787-790. toes was pooled. Suspensions of sporozoites were centrifuged at 20 ϫ g for 5 min, the sporozoite-containing supernatant was colBeier, J.C. (1993). Malaria sporozoites: survival, transmission and lected, and a sample of this supernatant was examined in a hemocydisease control. Parasitol. Today 9, 210-215. tometer to determine the sporozoite concentration. To test sporozoBourguignon, L.Y.W., and Bourguignon, G.J. (1984) . Capping and ite infectivity, 0.2-ml sporozoite suspensions in Medium 199 were the cytoskeleton. Int. Rev. Cytol. 87, . injected intravenously into 21-day-old Sprague-Dawley rats, and Cerami, C., Frevert, U., Sinnis, P., Takacs, B., Clavijo, P., Santos, their parasitemia was checked daily by Giemsa-stained blood M.J., and Nussenzweig, V. (1992a) . The basolateral domain of the smears for 10 days. To analyze sporozoite motility, sporozoites were hepatocyte plasma membrane bears receptors for the circumsporomaintained in 3% BSA-Medium 199 for up to 4 hr at 4ЊC, which zoite protein of Plasmodium falciparum sporozoites. Cell 70, stimulates all patterns of sporozoite motility (Vanderberg, 1974) , 1021-1033. before microscopic examination. To determine the proportion of Cerami, C., Kwakye-Berko, F., and Nussenzweig, V. (1992b) . Binding internalized sporozoites among salivary gland-associated sporozoof malarial CS protein to sulfatides and cholesterol sulfate: depenites, salivary glands were dissected out at day 18 postfeeding and dency on disulfide bond formation between cysteines in region II. incubated in trypsin (50 g/ml) in Medium 199 for 15 min at 37ЊC.
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